Abstract-We numerically demonstrate an important role of ultrafast carrier dynamics in quantum dot amplifiers in achieving tunable microwave phase shifts at frequencies beyond the limits of the carrier lifetime.
INTRODUCTION
Controllable slow and fast light has been experimentally demonstrated in different active semiconductor waveguide devices at room temperature by employing the effect of coherent population oscillations (CPO) [1] [2] [3] . This effect can be generally described as a wave mixing phenomenon, where light are mediated by the complex susceptibility, which in semiconductor structures has contributions from various carrier dynamical processes. One of the remaining challenges for the applications of microwave photonics is to alleviate the fundamental limits of both phase shifts and modulation frequency [4] [5] [6] , i.e., a bandwidth of several gigahertz is determined by the carrier lifetime. Recent calculations and experiments indicate that Quantum dot (QD) semiconductor optical amplifiers (SOAs) are especially attractive candidates because of the unique bias-current-dependent saturation mechanisms with large bandwidth (exceeding 40GHz) due to the fast picosecond carrier dynamics between discrete QD bound states [7] [8] [9] [10] [11] . On the other hand, only modest phase shifts, peaking around a modulation frequency of 500MHz was measured for a QD SOAs [3] . This was ascribed to the subnanosecond carrier lifetime, which is also dominant in quantum well (QW) or bulk SOAs.
In this work, we numerically demonstrate that tunable phase shifting based on CPO effects can be achieved in QD SOAs at higher frequencies beyond the limits of carrier lifetime. The main new result compared to previous works is to address the potential contributions of ultrafast carrier dynamics to CPO mechanisms. Fig.1(a) shows a schematic configuration of a phase shifter based on CPO effects for sinusoidal intensity modulated (IM) envelopes of an optical carrier [1] [2] [3] [4] [5] [6] in QD SOAs. By choosing the optical wavelength of the optical carrier with proper polarization control, the phase shifting due to CPO effects can be systematically investigated with minimized polarization effect. The degree of phase shifting can be tuned either by controlling the bias of the QD SOA or by varying the input optical power after the Erbium-doped fiber amplifier (EDFA). The QD SOAs model is based on the implementation of a 3-level rate equation model for carrier dynamics in 1100nm InAs/GaAs QDs [8] . Fig. 1(b) shows a schematic diagram of inhomogeneously broadened QDs. Such model assumes that electron/holes from a common reservoir, wetting layer (WL) and barrier, can only occupy the two lowest discrete QD bound states, ground states (GS) and excited states (ES). Phenomenological rates for these capture/relaxation processes are defined to depend on the carrier density due to the phonon and Auger assisted contributions. The GS and ES carrier lifetime is fixed to 1ns, while the carrier lifetime in the reservoir has non-radiative contributions. For electron dynamics in the small signal regime at strong current injection levels (10kA/cm 2 ), the longest time is the reservoir carrier lifetime (0.5ns), the intermediate time is the electron capture from WL to ES or GS (2.5ps), and the shortest time is the intradot electron relaxation time from ES to GS (0.2ps). The values are extracted from two-color pump-probe measurements [12] . A local carrier density description of QD bounded hole states with 100fs valence intra-band scattering time and a common valence band quasi-equilibrium level has been used to evaluate the contribution of hole dynamics to the optical gain. Fig. 1(c) shows the simulated small CW modal gain and saturation power in the QDs for the optical transition at the centre of GS and ES transition for different values of the injected current density. In order to compare the phase shifting results at Fig. 2 . Phase shift and RF optical gain as a function of modulation frequency at optical transitions corresponding to GS (left) and ES (right) for different input pump powers. Solid curves are based on the complete QD SOA model. Dotted curves are based on semi-analytical models used in [3, 6] . The injected current density is 1kA/cm 2 . Fig. 2 shows the simulated phase shift and RF optical gain as a function of modulation frequency at different optical transitions for different input pump powers. Fig. 2 (left) is for the GS transition. A maximum phase shift of around -34° is observed at a peak modulation frequency around 300MHz, which corresponds to a steep RF optical gain variation. As modulation frequency increases, phase shifts declines, which matches the experimental observation [3] and has been well explained by the carrier lifetime dominated by carrier density depletion (CDP) with a semi-analytical model [2, 3, 6] . Dotted curves as reference are semi-analytical results calculated with the constant carrier lifetimes and CW saturation power directly from QDs model. The quantity mismatch of phase shifting and gain in low frequency regime is due to the overestimation under the linear gain assumption in semi-analytical model. As we shifted to the case for ES transition as shown in Fig. 2 (right), we achieved phase shifting peaked at two distinctively separated frequencies, a value of around -10° peaked around 70GHz as well as a value of around -18° peak around 300MHz. Meanwhile these two phase shift peaks corresponding to the two different plateau-levels of RF optical gain seen in the lower plot of Fig. 2 . The second peak appearing at a much higher modulation frequency corresponds to the inverse of the carrier capture time of several picoseconds. This effect is not taken into account in the semi-analytical model due to the exclusion of ultrafast dynamics [6] . As a comparison, the intraband scattering dominated spectral hole burning (SHB) dynamics in bulk or QW is at the time scale around 50fs. In QDs, the interband scattering dominated carrier capture process is at least two or three orders faster than CDP process and one or two orders slower than the SHB process in bulk or QW. The ultrafast carrier dynamics in QD SOAs might strongly depend on the bias control condition and signal power as well as fabrication process, via the intersubband scattering times, which provides potential for controlling the second peak modulation frequency. Because of the different saturation powers for GS and ES transitions, even with similar modal gain, the quantity of GS phase shift is different from the case of ES. The maximum value of the phase shift can be further optimized by different control schemes and effects, such as influence from internal loss.
II. PRINCIPLE AND MODEL

III. MODELLING RESULTS
IV. CONCLUSION
As the first proof of concept, we have numerically demonstrated that tunable phase shifting based on slow and fast light effects can be achieved in QD SOAs at modulation frequencies much higher than considered so far. This result is of importance for the implementation of QD SOAs based phase shifters at microwave frequencies like the V or W band.
